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1. INTRODUCTION {#jmv25229-sec-0010}
===============

Malignant mesothelioma is a fatal form of cancer, which is difficult to diagnose and cure.[1](#jmv25229-bib-0001){ref-type="ref"}, [2](#jmv25229-bib-0002){ref-type="ref"} Its primary cause is exposure to asbestos, and it has a long latency period, sometimes as long as 20 years. Mesothelin is a tumor antigen that is normally present on the mesothelial cells lining the pleura, peritoneum, pericardium, and tunica vaginalis.[3](#jmv25229-bib-0003){ref-type="ref"} Mesothelin antigen is highly expressed in several cancers, including malignant mesothelioma, ovarian, and lung adenocarcinoma. Therefore, it could potentially be used as a tumor marker or as an antigenic target of vaccines.[4](#jmv25229-bib-0004){ref-type="ref"} No effective therapeutic modalities exist for malignant mesothelioma apart from surgical resection in 10% to 15% of the patients. In the advanced disease, chemotherapy has a marginal effect and the prognosis is extremely poor.[5](#jmv25229-bib-0005){ref-type="ref"} Hence, there is an urgent need for new and more effective therapies. Oncolytic adenoviruses are promising immunotherapeutic agents for advanced and treatment‐refractory cancer patients. Their antitumor activity is based on the direct lysis of cancer cells and the induction of systemic antitumor immunity.[6](#jmv25229-bib-0006){ref-type="ref"}, [7](#jmv25229-bib-0007){ref-type="ref"}, [8](#jmv25229-bib-0008){ref-type="ref"}, [9](#jmv25229-bib-0009){ref-type="ref"} Oncolysis leads to the release of tumor epitopes that can be processed by antigen‐presenting cells[10](#jmv25229-bib-0010){ref-type="ref"}, [11](#jmv25229-bib-0011){ref-type="ref"}, [12](#jmv25229-bib-0012){ref-type="ref"}, [13](#jmv25229-bib-0013){ref-type="ref"}, [14](#jmv25229-bib-0014){ref-type="ref"}, [15](#jmv25229-bib-0015){ref-type="ref"}, [16](#jmv25229-bib-0016){ref-type="ref"}, [17](#jmv25229-bib-0017){ref-type="ref"}, [18](#jmv25229-bib-0018){ref-type="ref"} to activate antigen‐specific CD4+ and CD8+ T‐cell responses. Immunogenic cell death leads to changes in cell surface structure, such as exposure of calreticulin in the outer plasma membrane and subsequent release of high‐mobility group box 1 protein and adenosine triphosphate.[19](#jmv25229-bib-0019){ref-type="ref"} Activated CD8+ T‐cells can expand into cytotoxic effector cells and infiltrate tumors where they mediate antitumor immunity after antigen recognition.

Granulocyte‐macrophage colony‐stimulating factor (GM‐CSF) mediates antitumor effects by mobilizing and maturing dendritic cells as well as increasing the activity of cytotoxic T‐cells.[15](#jmv25229-bib-0015){ref-type="ref"}, [16](#jmv25229-bib-0016){ref-type="ref"}, [17](#jmv25229-bib-0017){ref-type="ref"} Systemic use of recombinant GM‐CSF is associated with well‐described harmful toxicities. Also, this route of administration may not result in an adequate local concentration of GM‐CSF in the tumors.[20](#jmv25229-bib-0020){ref-type="ref"} Thus, engineering the viral genome with the gene encoding GM‐CSF reduces the risk of toxicities, ensuring desired local levels of GM‐CSF to improve the induction of antitumor immunity.

Ranki et al[16](#jmv25229-bib-0016){ref-type="ref"}, [17](#jmv25229-bib-0017){ref-type="ref"} reported the results of a Phase I study (NCT01598129) in which ONCOS‐102 (Ad5/3‐Δ24‐GM‐CSF) was well tolerated and induced local and systemic CD8+ T‐cell immunity in patients with treatment‐refractory and immune‐cell poor solid tumors. They also observed an upregulation of programmed death ligand 1 (PD‐L1) after treatment with ONCOS‐102, suggesting that combination of ONCOS‐102 with checkpoint inhibitors, including PD‐1/PD‐L1 inhibitors, could be beneficial against such refractory tumors.

We have earlier reported synergistic antitumor efficacy of ONCOS‐102 in combination with standard of care chemotherapy (pemetrexed, cisplatin, and carboplatin) in a xenograft BALB/c model of human malignant mesothelioma. The synergism observed in this preclinical study gives hope for combinations of ONCOS‐102 with first‐line chemotherapy in patients suffering from malignant mesothelioma.[19](#jmv25229-bib-0019){ref-type="ref"}

In this study, we show the induction of T‐cells specific for mesothelin, hexon, and E1A antigens after the treatment of mesothelioma‐bearing BALB/c mice with ONCOS‐102 and the effectiveness of the interferon (IFN)‐γ ELISPOT in detecting this response.

2. MATERIALS AND METHODS {#jmv25229-sec-0020}
========================

2.1. Materials and reagents {#jmv25229-sec-0030}
---------------------------

Murine mesothelioma cell line AB12 (HPA Culture Collections, Sigma‐Aldrich; Cell Bank Australia reference number: CBA0146) was cultured in Roswell Park Memorial Institute (RPMI) 1640 (ThermoFisher Scientific, Bleiswijk, Netherlands) (with 2 mM [l]{.smallcaps}‐Glutamine \[ThermoFisher Scientific, Bleiswijk, Netherlands\] + 25 mM 4‐(2‐hydroxyethyl)‐1‐piperazineethanesulfonic acid \[HEPES\], ThermoFisher Scientific, NY) +5% fetal calf serum (FCS), ThermoFisher Scientific, NY. Cells were incubated at 37°C with 5% CO~2~ and harvested using 0.05% Trypsin/EDTA (ThermoFisher Scientific, Bleiswijk, Netherlands) at 37°C for 5 minutes. The construction and characterization of chimeric oncolytic adenovirus coding for human GM‐CSF (ONCOS‐102) has been described previously.[14](#jmv25229-bib-0014){ref-type="ref"}, [19](#jmv25229-bib-0019){ref-type="ref"}, [20](#jmv25229-bib-0020){ref-type="ref"} ONCOS‐102 was produced by Biovian (Turku, Finland) according to good laboratory practice and stored at −80°C until use.

2.2. Mesothelioma xenograft model {#jmv25229-sec-0040}
---------------------------------

All animal experiments were approved by the Ethics Committee for Animal Experimentation from the Biomedical Research Institute of Bellvitge (IDIBELL). Animals were housed in the IDIBELL Animal Core Facility (AAALAC Unit 1155). Mice (BALB/c) were exposed to crocidolite asbestos through intraperitoneal injection, resulting in tumor formation. Then, cultures were established from malignant mesothelial cells obtained from ascites fluid (Cell Bank Australia). Mesothelioma murine cell line AB12 (positive for mesothelin antigen) was implanted intraperitoneally (5 × 10^5^ cells/200 µL) in BALB/c mice (2 groups: 1 treated with ONCOS‐102 and the other with phosphate‐buffered saline; n = 6 mice). Repeated intraperitoneal injections of 1 × 10^11^ oncolytic adenoviral particles/200 µL were given on days 0, 3, and 6 after tumor formation. Tumor size was measured with caliper on 2 dimensions on day 20. The longest and shortest diameter were recorded, and the tumor volume was calculated using a formula of 0.52 × length × (width)^2^.

2.3. IFN‐γ ELISPOT {#jmv25229-sec-0050}
------------------

At endpoint (day 20), spleens were harvested from untreated (phosphate‐buffered saline) and ONCOS‐12‐treated BALB/c mice. Splenocytes were isolated to determine counts of T‐cells responding to mesothelin, human adenovirus 5 E1A, and hexon peptides by secretion of IFN‐γ. Harvested splenocytes were stimulated with peptide pools of the complete murine mesothelin protein sequence, human adenovirus 5 E1A, and hexon proteins. IFN‐γ production by T‐cells was evaluated by using IFN‐γ ELISPOT (Abcam, Cambridge, UK). A single‐cell suspension of 2.5 × 10^5^ splenocytes/well was plated in RPMI medium including 200 ng of peptide. After incubating overnight at 37°C and 5% CO~2~, plates were washed and stained with biotinylated anti‐mouse IFN‐γ and incubated for 2 hours, followed by streptavidin conjugate enzyme. The spots were counted using the ELISpot Reader (AID, Strasberg, Germany).

2.4. Statistical analysis {#jmv25229-sec-0060}
-------------------------

Statistical significance was analyzed by using the Mann‐Whitney test. All statistical analysis, calculations and tests were performed using GraphPad Prism 7 (GraphPad Software, San Diego, CA). Results are presented as mean ± standard deviation. All *P* values were 2 sided and considered statistically significant when ≤.05.

3. RESULTS AND DISCUSSION {#jmv25229-sec-0070}
=========================

Oncolytic adenoviruses are immunotherapeutic agents with the ability to prime and boost immune responses, leading to the development of anticancer immunity.[15](#jmv25229-bib-0015){ref-type="ref"} ONCOS‐102 is an engineered adenovirus (Ad5/3) that codes for GM‐CSF. Its chimeric 5/3 capsid contains a fiber with a c‐terminal knob derived from serotype 3, which binds to tumor‐associated desmoglein 2 receptor instead of the coxsackie‐adenovirus receptor, which is found to be downregulated in advanced tumors.[7](#jmv25229-bib-0007){ref-type="ref"} The 24‐bp deletion in the Rb binding site of the *E1A* gene causes the virus to replicate selectively in cells with p16‐Rb pathway defects, which includes most cancers.[20](#jmv25229-bib-0020){ref-type="ref"} ONCOS‐102 causes immunogenic cancer cell death[19](#jmv25229-bib-0019){ref-type="ref"} and the subsequent release of tumor antigens to be processed by antigen‐presenting cells, resulting in the priming of tumor‐specific immunity. This effect may be further enhanced by combination therapies[11](#jmv25229-bib-0011){ref-type="ref"}, [21](#jmv25229-bib-0021){ref-type="ref"} and by immunostimulatory transgenes coded by the adenovirus.

We induced mesothelioma in BALB/c mice by injecting the murine mesothelioma cell line AB12, which is positive for mesothelin antigen. IFN‐γ ELISPOT was performed with splenocytes from untreated or ONCOS‐102‐treated mice to determine the specificity of tumor‐related T‐cells for the antigen mesothelin. Splenocytes from the vehicle (phosphate‐buffered saline)‐treated mice were negative for tumor antigen‐specific T‐cells, whereas those from ONCOS‐102‐treated mice showed induction of tumor‐specific T‐cells.

Murine splenocytes from untreated and ONCOS‐102‐treated mice were examined in IFN‐γ ELISPOT for the frequency of T‐cells specific for mesothelin, hexon, and E1A. As expected, positive controls, phorbol 12‐myristate 13‐acetate (PMA), and ionomycin showed high frequencies of T‐cells secreting IFN‐γ in both untreated and ONCOS‐102‐treated mice.

In this study, we have demonstrated the activation of mesothelin‐specific T‐cells in a preclinical setting after the treatment of mesothelioma tumors in BALB/c mice with the oncolytic adenovirus, ONCOS‐102 (Figure [1](#jmv25229-fig-0001){ref-type="fig"}).

![IFN‐γ ELISPOT. (A) Antigen‐specific T‐cell response. IFN‐γ ELISPOT was performed with splenocytes from untreated and ONCOS‐102‐treated mice to determine the specificity of tumor‐related T‐cells for the antigen mesothelin tumor treated with ONCOS‐102. (B) Mesothelioma murine cell line AB12 was implanted intraperitoneally (5 × 10^5^ cells/200 µL) in BALB/c mice (2 groups: 1 treated with ONCOS‐102 and the other with PBS; n = 6 mice). Repeated intraperitoneal injections of 1 × 10^11^ ONCOS‐102 particles/200 µL were given on days 0, 3, and 6 after tumor formation. Tumor size was measured with a caliper on 2 dimensions on day 20. The longest and shortest diameter were recorded, and the tumor volume was calculated using a formula of 0.52 × length × (width)^2^. (C) Left panels for the tumor treated with ONCOS‐102 and (D) PBS, respectively, stimulated with hexon pool, E1A pool (haplotype b), mesothelin pool, PMA, and Ionomycin, respectively (positive control). Error bars, mean ± SD: \**p* \< .05, \*\**p* \< .01, \*\*\**p* \< .001. BALB/c, bagg albino; ELISPOT, enzyme‐linked immunospot; IFN, interferon; PBS, phosphate‐buffered saline; PMA, phorbol 12‐myristate 13‐acetate; SD, standard deviation](JMV-90-1669-g001){#jmv25229-fig-0001}

Hexon and E1A peptide were selected to evaluate the response against the injected adenovirus. Mice are not permissive to human adenovirus replication, and the most immunogenic protein is the early protein E1A, contrary to humans where hexon is the main target for T‐cell.[22](#jmv25229-bib-0022){ref-type="ref"}, [23](#jmv25229-bib-0023){ref-type="ref"} Leen et al. reported a panel of CD4+ and CD8+ T‐cell epitopes that could be used to prime antigen‐specific T‐cells and challenge adoptively transferred T‐cells in vivo. These epitopes span conserved regions of the hexon protein and would be useful to monitor immune response before and after immunotherapy.[24](#jmv25229-bib-0024){ref-type="ref"} As the capsid of ONCOS‐102 contains hexon protein, which plays an important role in virus entry into cells, and E1A protein, which binds to pRb/p300 family of histone acetyltransferases and induces p53‐dependent apoptosis in cancer cells[5](#jmv25229-bib-0005){ref-type="ref"}; they were used to stimulate the splenocytes in ELISPOT.

Mice treated with the virus generated specific T‐cells against hexon and E1A antigen, as can be seen in Figure [1](#jmv25229-fig-0001){ref-type="fig"}, in which the signal was detected from only ONCOS‐102‐treated mice. This is not surprising as viral capsid components such as hexon,[22](#jmv25229-bib-0022){ref-type="ref"} penton, and fiber[25](#jmv25229-bib-0025){ref-type="ref"} play important roles in establishing adaptive immune responses against the adenovirus. Optimal antiadenoviral response requires both CD4+ and CD8+ T‐cell responses. Leen et al[24](#jmv25229-bib-0024){ref-type="ref"} found that immune response to hexon protein was dominated by CD4+ T‐cells directed against multiple major histocompatibility complex II epitopes. CD8+ reactivity was found less frequently and recognized fewer epitopes presented by fewer class I molecules. However, Leen et al reported the identification of a panel of CD4+ and CD8+ T‐cell epitopes that stimulated both CD4+ and CD8+ T‐cells and hence could be used in vaccination studies to prime antigen‐specific T‐cells, could serve as antigens to challenge adoptively transferred T‐cells in vivo, and could help in monitoring before and after immunotherapy.

As the murine mesothelioma cell line, AB12, was implanted in the BALB/c mice, mesothelin peptide was used to stimulate splenocytes in ELISPOT. High frequency of mesothelin‐specific T‐cells was seen but only in splenocytes from ONCOS‐102‐treated mice. Repeated intraperitoneal treatment with oncolytic adenovirus ONCOS‐102 in an immunocompetent animal model of BALB/c mice bearing mesothelioma tumor shows the ability to control the tumor growth over the control. T‐cells recognizing the mesothelin antigen expressed on mesothelioma cells are stimulated by ONCOS‐102. Also, Vassilev et al[15](#jmv25229-bib-0015){ref-type="ref"} reported systemic induction of many tumor‐specific CD8+ T‐cell populations alongside infiltration of CD8+ lymphocytes into a tumor‐infiltrating lymphocyte negative, chemotherapy refractory patient\'s ovarian cancer. In this patient, CD8+ cells were isolated from peripheral blood mononuclear cells and analyzed with IFN‐γ ELISPOT for specificity for cancer‐testis antigens, NY‐ESO‐1, MAGE‐A1, MAGE‐A3, and a differentiation antigen, mesothelin, reported to be widely expressed in ovarian carcinoma. Mesothelin‐specific CD8+ T‐cells were more numerous than the other T‐cell populations. Thus, ONCOS‐102 treatment primed the immune system and facilitated tumor antigen presentation to cytotoxic cells. However, levels of antigen‐specific T‐cells decreased in late pools of CD8+ T‐cells, leading to the speculation that the concomitant or sequential treatment with an immune checkpoint inhibitor would be beneficial when treating with ONCOS‐102. Furthermore, here too, as CD8+ T‐cells are negatively regulated by PD‐1/PD‐L1 interactions within tumors, the rise in levels of CD8+ T‐cells after ONCOS‐102 treatment suggests that PD‐1 inhibition could be beneficial in combination with ONCOS‐102.[15](#jmv25229-bib-0015){ref-type="ref"}

The ability of ONCOS‐102 to cause immunogenic cell death and antitumor immune response, especially directed against mesothelin antigen, suggests that increased effect may be achieved by combining with other therapeutic agents to treat tumors that lack tumor‐infiltrating lymphocytes and that express mesothelin on the cell surface. Our IFN‐γ ELISPOT results suggest that the clear and significant increase in the counts of T‐cells directed against mesothelin, hexon, and E1A could validate the IFN‐γ ELISPOT assay to monitor the efficacy and progress of treatment with ONCOS‐102 alone or in combination therapies.
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